This paper reviews current knowledge of biogeochemical cycles of pollutant organic chemicals in aquatic ecosystems with a focus on coastal ecosystems. There is a bias toward discussng chemkal and geochemical aspects ofbiogeochemical cycles and an emphasis on hydrophobic organic compounds such as polynuckar aromatic hydrocarbons, polychlorinated biphenyls, and chlorinated organic compounds used as pesticides. The complexity of mixtures of pollutant organic compounds, their various modes ofentering ecosystems, and their physical chemical forms are discussed. Important factors that influence bioavailability and disposition (e.g., organism-water partitioning, uptake via food, food meb transfer) are reviewed. These factors include solubilities ofchemicals; partitioning ofchemicals between solid surfaces, colloids, and soluble phases; variables rates of sorption, desorption; and physiological status of organism. It appears that more emphasis on considering food as a source of uptake and bioaccumulation is important in benthic and epibenthic ecosystems when sediment-associated pollutants are a nt source ofinput to an aquatic ecosystem. Progress with mathematical models for exposure and uptake of contaminant chemicals is discussed briefly.
Introduction
Modern societies derive many benefits from mobilization of natural geochemical resources, such as oil, and from synthetic chemicals; for example, medicine, generation ofusable energy, material for shelter, and chemicals for agriculture. The Organization for Economic Cooperation and Development (OECD) estimates that approximately 1000 to 1500 new substances enter daily use each year and add to the approximately 60,000 already in daily use (1) , an estimate that is similar to that of the United States Council on Environmental Quality (2). Fortunately, only a small proportion of these chemicals pose threats to human health and living natural resources once they are released to the environment. This small proportion is still a large number. Butler estimated that 11,000 chemicals are manufactured in quantities that require assessment for environmental concern in that these quantities have the potential to pollute significant sectors of global ecosystems if released. In addition to these manufactured chemicals, there are chemicals of environmental concern generated by processes of treatment of industrial and domestic wastes by chlorination (4) (5) (6) . The exact numbers are not important considerations in this paper. Rather, it is important that the assessment of toxicity and environmental fates and effects for these chemicals, and most important, assessment of human health risks associated with the presence of these chemicals in the environment, are substantial tasks requiring extensive knowledge ofthe behavior ofthese chemicals in the environment and their modes oftoxic action. Studies of the past 15 to 20 years *Environmental Sciences Program and Urban Harbors Institute, University of Massachusetts at Boston, Harbor Campus, Boston, MA 02125. have provided evidence of the widespread distribution of recalcitrant synthetic organic chemicals such as the chlorinated pesticides and polychlorinated biphenyls (PCBs) in ecosystems worldwide even in locations far removed from sources of input. Aquatic ecosystems are not an exception, as has been well documented in numerous studies and reviews (2, 7, 8) .
The presence of a xenobiotic compound in a segment of an aquatic ecosystem does not, by itself, indicate an adverse effect. Connections must be established between levels ofexposure or tissue contamination and adverse effects. The combined understanding of the inputs, fates, and effects of chemical contaminants or pollutants in the environment has been termed ecotoxicology by groups ofscientists (3, 9, 11) . This paper focuses on a few advances in biogeochemical research concerned with the movement oforganic chemicals through aquatic ecosystems and conditions of exposure and routes of up take by aquatic organisms. The focus is mainly on nonpolar, hydrophobic, medium molecular weight compounds such as PCBs, chlorinated pesticides, and aromatic compounds found in fossil fuels and their combustion products, chemicals often identified with the current concern about human health risks associated with chemical contaminants in fish and other aquatic species.
A stylized version of the biogeochemical cycle of a group of these compounds, polynuclear aromatic compounds (PAHs) is presented in Figure 1 . It would be an immense task to quantitatively measure all the pathways and rates of reaction and movement for the many thousands of chemicals of concern through each of their individual biogeochemical cycles. Although individual chemical structure confers some specificity of environmental behavior and toxic action to each compound, there are principles by which we can group chemicals of similar structure and obtain some predictive capability of their biogeochemical behavior. This knowledge can then be used in concert with knowledge derived from effects studies to provide human health risk assessments and ecological risk assessments.
Physical Chemical Research
Fundamental properties related to the biogeochemical behavior of many organic chemicals of environmental concern have not been well characterized, and it is only in the past years that substantial progress has been made. For example, water solubilities are available for only relatively few compounds, especially for the medium to higher molecular weight nonpolar compounds such as PAHs, PCBs, and chlorinated pesticides. This situation is improving rapidly (12) (13) (14) (15) (16) . The influence of temperature and salinity on solubility has been less extensively investigated (16) (17) (18) (19) and requires much further research. Initial assessments of the influence of temperature and salinity on solubilities yield factors of2 to 6 for medium to higher molecular weight range PAHs (e.g., phenanthrene to benzo[alpyrene) over the range oftemperatures and salinities normally found in coastal waters and the open ocean (19) . However, the anomalous behavior ofbenzanthracene compared to other PAH tested suggests that important knowledge has yet to be gained for key aspects of factors influencing solubilities in seawater (19) .
Calculation or estimation ofwater solubilities from theoretical and empirical considerations is an active area of research, and some progress has been made using molecular surface area and volume and activities oforganic solutes in organic phase and activity coefficients in aqueous phase (20) (21) (22) . The wide range of solubilities ofthese essentially hydrophobic compounds and the very low solubilities for compounds in the medium to higher molecular weight range, e.g., phenanthrene and 2,2',4,4',5,5'-hexachlorobiphenyl, are illustrated by the examples in Table 1 (35) (36) (37) but relatively few types of compounds have been studied. The influence of pH and Eh on the environmental behavior of ionizable organic pollutants needs much further research because many of the present and future problems with environmental fates and effects of compounds involve considerations of polluted sediments and estuarine and coastal waters (38) (39) (40) where substantial ranges ofpH and Eh are encountered (41, 42) .
Natural waters can be partitioned into particulate and dissolved phases by operational means offiltration, and the definitions of dissolved and particulate are operational. The partition parameters discussed in the preceding paragraphs, K and K, are based on the simplest partitioning process, two phases, and this works reasonably for many soil-water systems and sedimentwater systems. Three lines of evidence led Brownawell (32) and Brownawell and Farrington (43, 44) to hypothesize that at least a three-phase partitioning model is needed to model the distributions of many hydrophobic compounds in interstitial waters of sediments: a) experimental evidence showing sorption of hydrophobic orpinic compounds to colloidal organic matter (45, 46) (48, 52, 53) . Field and laboratory evidence from several studies with PCBs has established that partitioning of hydrophobic compounds to colloids or very small particles must be considered in many natural water systems to account for the observed distributions of hydrophobic compounds in the dissolved and particulate fractions of water samples (43, 44, 54, 55) . Nomographs similar to those ofFigure 2 (32) have been presented (46, 55, 56) and are useful in providing first order assessments of the physical chemical state of a given hydrophobic pollutant in coastal, estuarine, riverine, lacustrine, and interstitial waters.
The association of a significant proportion of the interstitial water hydrophobic compounds such as the PCBs with a colloid fraction has important implications for the assessment ofthe flux of these compounds across the sediment-water interface (32) . First-principle arguments indicate that hydrophobic compound interactions with colloids will also be important in modeling the environmental behavior ofcompounds that enter esuarine waters across a salinity and particulate matter gradient as material is carried down river, or in the case ofdischarge ofan industrial or municipal sewage effluent rich in organic matter content. Much ofwhat is knwwn about colloidal organic matter in natural waters is descriptive in nature (51, 57, 5 The concept oftreating the relationship between chlorinated pesticides in aquatic organisms and their aqueous habitat as a pseudoequilibrium process was firstproposed by Hamelink et al. (59) . Stated in simple terms, exchange across membrane surfaces (e.g., gills) controls partitioning of a pollutant between the organism and water. The concept was shown to be consistent with data for DDT family compounds and PCBs in oceanic ecosystems (8, 39) and was widely adapted for understanding of the relationship between hydrophobic pollutants such as PCBs, chlorinated pesticides, and PAHs in organisms and in waters of the organisms' habitat (3, 8, 33, 60) . Aquatic mammals and birds, being air breathing organisms, were exceptions to the concept.
Thus, direct uptake and release oforganic pollutants from and to waterjoined food transr and excretion as modes ofinput/output for pollutants in aquatic organisms and became the dominant modes in conceptual thinking and data interpretation. A procedure for assessing bioaccuniulation potential under equilibrium conditions was needed, and Neeley et al. (61) were among the first to introduce the useful concept that K.. could be used for this purpose. A compilation ofdata depicting the relationship between K.. and Kb (bioaccumulation = concentration in organism/concentration in water) shows that the relationship FIGURE 2. Nomograph for relationships between fraction (f,) of a given hydrophobic compound sorbed to organic colloids, organic colloid concentration, and log KOc of the compound. From Brownawell (32) .
is predictive to a first approximation within a factor of2 using Eq. (3) (62).
log Kb = 1.00 log K,, -1.32 (3) There are also significant departures from the predictive relationship (10, 63, 64 (65) submit that the equation must be modified to take into account molecular shape, e.g., planar and nonplanar PCBs. Hawker (66, 67) . can be written and adequately describe most of the data in the literature. The fault with Eq. (7) is that it requires ever increasing k1 with increasing K,,,, and it is not valid above log Ko, = 6, i.e., for the extremely hydrophobic or superlipophilic compounds. Hawker and Connell (63) submit that there must be an upper limit to k, in part based onthe efficiency with which a compound can be transferred across membranes, which is in turn related to compound shape and size and in part the ventilation rate oforganisms which must have an upper limit for tissue such as gills. First-order rate kinetics are useful in explaining some of the data concerning uptake and release ofpollutants. An example illustrates this point. Two small no. 2 fuel oil spills occurred in the Cape God Canal 3 years apart but at the same time of the year within 1 week ofeach other [nearly duplicate experiments (73) ].
Biological half-lives derived from Eq. (8) and (9) were determined from data exemplified by Figure 3 . C = Coe- (8) where C, is concentration in tissue at time t: and C0 = concentration in tissue at time 0.
tm=0.693
where tb,, is the biological half-life. A compilation of half-lives is given in Table 4 . Review ofthe data for uptake and release of petroleum compounds, PAHs, and PCBs by bivalves indicates clearly that the relatively simple equations of the form of Eqs. (8) and (9) Figure  3 depending on the compound considered. Concentrations of pollutant chemicals in the habitat and duration of exposure are known to be important considerations influencing rate ofuptake and release ofpollutants (60, 77 (60, 73, 75, 79 ). An example would be a simple three-compartment model bivalve of gills, circulatory fluid, and energy storage reserve lipids. Initial uptake across the gills is rapid, followed by slightly less rapid transfer to circulatory fluid, followed by much slower transfer to, and accumulation in, storage lipid reserves. Long-term exposure would result in accumulation ofpollutant in lipid energy reserves until equilibrium or saturation of the storage capacity is attained. Transfer of the bivalve to clean water or removal ofthe pollutant from the water ofits habitat reverses the process. Exchange ofthe pollutant from gill tissue to water is rapid, mobilization of the pollutant in the energy storage lipid is slower, and this accounts for an initial rapid release followed by much slower release in the longer term. Equations for assessment ofmultiple compartnent models have been described by Mackay and Hughes (80) and involve steadystate assumptions in all but the target compartrent, i.e., the compartment for which the flux ofcompound is ofinterest. Further elaboration ofthose models is beyond the scope ofthis synopsis.
It is well established that physiological status of organisms such as spawning, postspawning, prespawning, temperature of the habitat, food availability, as well as exposure concentration and duration, influence the uptake, retention, and release of pollutant organic chemicals by bivalve mollusks (60, 77, 79) .
Metabolism ofPAHs and xenobiotics such as PCBs is thought to be much less active for bivalves than for fish, crustacea, or polychaetes (40, 81) . However, there are reports that bivalve tissues contain enzymatic activity related to metabolism ofPAHs, and perhaps similar compounds (82, 85) . This is consistent with data showing isomer-specific changes in relative abundance of C2 and C3-alkylated phenanthrenes in the latter stages ofrelease of no. 2 fuel oil compounds by mussels contaminated by an oil spill (73) .
A fallacy of the use of first-order kinetics in this situation is readily apparent if we derive Eq. (10) from Eq. (4).
Cb= (k,/k2) C. (l-e -k2) (10) Theoretically, equilibrium can only be attained after infinite time. It is useful to circumvent this problem and work with the concept of a close approach to equilibrium, e.g., 0.99 of value, as has been used by Hawker and Connell (63) . They have then derived an equation that relates time to equilibrium to K,.: log t, = 0.663 log K.. -0.284 (11) This allowed them to predict that with compounds with log K.4 < 6 attain equilibrium witiin 1 year. Compounds for which log K,. > 6 require too much time to approach equilibrium for reasonable measurements to be made. Hawker and Connell (63) also proposed a term t,, as time to significant bioaccumulation with significant bioaccumulation being 1% ofthe bioaccumulation at equilibrium. They then used an equation relating t, to log K.. to calculate that compounds with a log K,,, of 10 are bioaccumulated significantly only after a minimum of 0.5 years.
Aquatic organisms bioaccumulate a significant amount, i.e., 1% of equilibrium bioaccumulation concentration, of compounds with log K,,., of 13 after a minimum of 50 years. The latter time exceeds the lifetime ofmost aquatic organisms ofconcern, and the former time exceeds seasonality in temperate zones. The physiological status and other factors described previously that influence concentrations of organic chemical pollutants in an organism will change conditions ofthe organism or habitat well withn the time required to reach significant bioaccumulation for hydrophobic pollutants with log K., of approximately 8 or 9 or greater. This limits the predictive capabilities ofthe kinetic equations described above.
Metabolism
Organisms other than bivalves are capable of reducing concentrations of hydrophobic organic chemical pollutants by exchange with water. In fact, some of the initial equilibrium partitioning work related to fish. In addition, fish, crustacea, and polychaetes have active enzyme systems capable ofmetabolizing substantial portions ofbioaccumulated PAHs, some PCBs, and similar compounds (39, 40, 71, 81 (39, 40, 86) . This hypothesis evolved from experimental evidence in the laboratory and explained observations in the field obtained during the late 1960s and early 1970s when there were significant discharges of pollutant organic chemicals via effluents and transfer to water in aquatic ecosystems from atmospheric transport and runoff from land.
Several decades of input have resulted in accumulation ofsome compounds such as PAHs and PCBs and chlorinated pesticides in sediments (9, 39, 40, 87, 88) . Several researchers have demonstrated that organisms living in or on polluted sediments can bioaccumulate the pollutants (71, (88) (89) (90) (91) . Almost all experimental designs or field observations that were reviewed by these authors did not allow a sorting out of the relative importance ofwater-organism partitioning and sediment ingestion or water-organism partitioning and food ingestion in terms ofcontributions to bioaccumulated pollutant. In many cases, release of the pollutant from sediment by desorption was thought to cause elevated concentrations in the water followed by organismwater partitioning to achieve bioaccumulation. Oliver (92) has presented estimates ( One example suffices for the purpose ofthis paper. O'Connor et al. (95) have presented a mathematical model for the distribution and movement of the chlorinated pesticide, kepone, in the James River Estuary. Figure 4 shows the food chain portion of Figure 5 . The agreement seems reasonable to a first approximation although reasonable agreement depends on the use ofthe model and the degree of uncertainty that will be accepted, and this probably will vary depending on the perceived or real importance of relative risks to aquatic biota or human health. The types ofmathematical models exemplified by the work ofO'Connor et al. (93, 95) , Thomann However, caution must be exercised that the elegance and complexity of a series of coupled mathematical equations does not evoke a false sense that accurate predictive capabilities of wide-ranging applicability are a proven reality in either the scientific community or in the policy, regulation, and management communities concerned with aquatic pollution problems. Thus far, the concepts and hypotheses reviewed briefly in this paper have been tested on relatively few chemicals and relatively few biota and ecosystems and, with few exceptions, for relatively short periods oftime ofdays to months. Reuber et al. (99) , in the closing statement of a recent paper concerned with chemical equilibria and transport at the sediment-water interface, stated, "Finally, models as described here will remain oflimited value until they can be applied and validated in real situations." Nevertheless, an optimistic view is in order because research is gaining on the problems, and the science has evolved from mainly a descriptive endeavor to quantitative approaches involving a mature healthy mix of theory, experimentation, field observation, research, and monitoring. (93) .
